Chenopods synthesize betaine in the chloroplast via a twostep oxidation of choline: choline betaine aldehyde betaine.
supports Wyn Jones's hypothesis (28) that betaine accumulation is a biochemical adaptation to salinity, with betaine acting as a major cytoplasmic osmolyte in salt-stressed plants ( 1 1, 17, 26) . In stressed or unstressed plants, betaine is synthesized by a two-step oxidation of choline; both steps occur in the chloroplast in spinach and other chenopods (3):
-2H -2H Choline -. betaine aldehyde -* betaine In spinach, the second step is catalyzed by a stromal BADH,4 which is encoded by a single nuclear gene (24, 25) . The enzyme for the first step is not yet known, although two lines of indirect evidence indicate that it is a monooxygenase (which could produce the hydrate form of betaine aldehyde by introducing an OH group at Cl of choline). First, in vivo labeling studies demonstrate that spinach leaf disks incorporate 180 from 1802 into betaine, and that this occurs at the choline -. betaine aldehyde step (9) . Second, experiments with intact chloroplasts show that the choline -+ betaine aldehyde reaction requires photosynthetically generated reducing power as well as 02 (23) . The choline-oxidizing enzyme from spinach chloroplasts would therefore appear to be unlike the choline dehydrogenases (8, 12, 21) and choline oxidases (5, 29) known from animals and microorganisms. In this paper we present direct evidence for a ferredoxin-dependent choline monooxygenase in spinach chloroplast stroma and report some properties of this enzyme.
Under saline or dry conditions, betaine (glycine betaine) accumulates in the leaves of plants from several angiosperm families, including Chenopodiaceae and Gramineae (for review, see 27). For chenopods, considerable evidence now method (22) . Deveined leaves (routinely 30 g) were cut into 1-cm wide strips and ground in four volumes of semifrozen grinding medium for 3 s with a Polytron homogenizer at about 60% full power. Grinding media were as in Weigel et al. (23) . The homogenate was squeezed through six layers of cheesecloth, filtered through a 5-mm layer ofabsorbent cotton wool, and centrifuged at 5,000g for 30 s at full speed to pellet chloroplasts. The chloroplasts were resuspended in 3 mL of the resuspension buffer given in Weigel et al. (23) , layered in a 1 5-mL centrifuge tube onto a 4-mL cushion of 40% Percoll, and centrifuged at 3,000g for 5 min. The pellet (>90% intact chloroplasts) was resuspended in resuspension buffer, and an aliquot was taken for Chl determination. For isolation of chloroplasts from salinized spinach plants, the sorbitol concentration in the grinding and resuspension buffers was increased from 0.33 to 0.59 M, and 20 mM KC1 was added to the resuspension buffer. After repelleting by centrifugation at 3,000g for 5 min, chloroplasts were lysed by resuspending (3 mg Chl/mL) and shaking in lysis buffer ( (15) , except that leaves were ground for 1 min in a Polytron homogenizer (50% full power) and debris was removed from the homogenate by centrifuging at 10OOg for 1 min. The final thylakoid suspension (2 mg Chl/ mL) was dispensed in 0.2-mL aliquots into 0.6-mL Eppendorf tubes and frozen at -80°C prior to assay. Thylakoid preparations were checked by measuring ferricyanide-dependent 02 evolution in the presence of 5 mM NH4+; preparations with rates below 150 umol 02/h.mg Chl were discarded. Ferredoxin and FNR were purified from field-grown spinach according to the methods of Yocum (30) and Shin (18) , respectively. FNR activity was determined as NADPH-diaphorase (20 (-20 kPa, balance N2) were carried out in 1.5-or 2.5-ml tubes that were sealed with a serum cap and flushed for 1 to 2 min with N2; one-fifth of the head-space gas was then withdrawn with a syringe, and replaced with 1802. (f) To obtain enough labeled betaine for FABMS, reactions were scaled up by a factor of three (reconstituted chloroplast system) or five (NADPH system).
Reactions were started by adding choline, run for 30 min, and stopped by freezing in liquid N2 after adding an internal standard of 0.2 ,mol y-butyrobetaine or 2H9-betaine (prepared as in ref. 14) . Sample processing by ion-exchange chromatography, preparation of the n-butyl ester of betaine, and FABMS analysis were according to (9, 14) , except for the following modification for experiments using the NADPH system. The HCl eluate from the Dowex-50 column was freeze-dried, taken up in water, desalted by passage through a 1.5-mL column of mixed-bed resin [Dowex-l(OHW):Biorex-70(H+), 2:1, v/v], and lyophilized again. Note that y-butyrobetaine cannot be used as the internal standard with this modified procedure as it is retained by the mixed-bed resin.
Gel Filtration Experiments
All operations were in a cold room. Columns (0.75 x 30 cm) of gel filtration medium (Sephadex G-50, G-75 or Ultrogel AcA 34) were equilibrated with a solution containing 50 mM Hepes/KOH (pH 7.7), and 100 mM KCI. Concentrated spinach stromal fraction (150 ,L, 25 mg protein/mL) was pooled with blue dextran solution (50 ,L, 2 mg/mL, as void volume marker), loaded onto the column and eluted at a rate of 6 mL/h. Fractions (170 ,L) were collected; when choline oxygenase was to be assayed, fractions were concentrated fivefold in Centricon-30 microconcentrators. DTT-dependent thioredoxin activation of NADP-malate dehydrogenase was assayed according to Jacquot et al. (7) . A mixed preparation of spinach thioredoxins m and f was a gift from Dr. P. Gadal (Universite de Paris-Sud, Orsay, France).
RESULTS

14C]Choline Oxidation by a Stromal Enzyme Dependent Upon Reduced Fd
Choline oxidation by isolated intact chloroplasts requires reduction of native electron carriers on the reducing side of PSI (23) . We therefore tested the effects ofNADPH or reduced Fd on ["4C]choline oxidation by stromal and thylakoid fractions from spinach chloroplasts (Table I) . Ferredoxin was reduced with NADPH via FNR; although stromal and thylakoid fractions were expected to have some endogenous FNR activity (20) , assays were supplemented with 60 munits of purified FNR. Neither thylakoids nor stroma showed activity in the absence of the reductants, and washed thylakoids had none in their presence. However, the stromal fraction readily oxidized ['4C]choline to betaine aldehyde when supplied with Fd plus NADPH plus FNR. Omitting purified FNR did not lower the rate of choline oxidation, presumably because endogenous FNR activity in the stromal fraction (determined to be -350 munits/assay) was already in excess. Fd alone gave no activity; NADPH alone gave slight activity, attributable to the presence of a low level of endogenous Fd in the stromal extract.
As an alternative way to reduce Fd, we tested a reconstituted chloroplast system comprising washed spinach thylakoids, Fd, (Table II) . The thylakoid or stromal components of the system were replaced with those from pea, which does not synthesize betaine (23, 27) . In combination with spinach stroma, thylakoids from pea were as effective as those from spinach, which confirms that the thylakoids are simply an electron source and that the spinach choline-oxidizing activity is solely stromal (Table II) . Combined with spinach thylakoids, pea stroma had no activity (Table II) , which indicates that the activity of spinach is due to a choline-oxidizing enzyme, not to an artifactual reaction driven by oxidant(s) generated in the in vitro assay. To check that the choline-oxidizing activity in the crude spinach stromal fraction was not due to small membrane fragments, the specific activity of the enzyme was measured before and after high-speed centrifugation (Beckman Airfuge, 15 min at 170,000g). Consistent with a soluble enzyme, the specific activity in the high-speed supernatant was markedly higher than in the crude stromal extract (23 versus 17 nmol/ h * mg protein, using NADPH to reduce Fd). Several parameters were varied in order to optimize choline-oxidizing activity for the NADPH system and for the reconstituted chloroplast system. The pH optimum for both systems was 7.7, and both showed an apparent Km for choline of approximately 0.1 mm (not shown). Both systems responded strongly to Fd concentration (Fig. 2A) ; the reconstituted chloroplast system reached saturation at a somewhat lower concentration (75 gM) than the NADPH system (130 pzM). Both systems also responded strongly to Mg2+, with a plateau at 10 mm (Fig. 2B) . Ca 2 (10 mM) could replace Mg2+, but 10 mM Mn2, Cu2+, or Co2+ had no effect, and Zn2+ was inhibitory. For the NADPH system, maximal choline oxidation rates were reached with 10 mm NADPH. As the endogenous FNR activity in crude stromal fractions sufficed (Table  I) , purified FNR was not routinely added to assays.
The effect of 02 concentration was tested using the NADPH system (Fig. 2C) . Consistent with previous results for intact chloroplasts (23), the reaction was strongly 02-dependent. Half-maximal rate was attained with a head-space 02 partial pressure of 2 kPa, corresponding to an 02 concentration in solution of about 25 tM. Note that because both Fd and FNR can reduce 02 and thereby compete for 02 with the cholineoxidizing enzyme, the value of 25 gM cannot be interpreted as a Km.
The effect of light is shown in Figure 2D , for the reconstituted system with both coupled and gramicidin-uncoupled thylakoid membranes. With coupled thylakoids, half-maximal rate was reached at approximately 30 W/m2. As might be predicted from the very small electron flux required for choline oxidation, the uncoupler had little effect and so was not used in subsequent experiments. Varying the quantity of thylakoid membranes per assay established that 20 ,ug Chl was optimal.
The above data were used to define the standard conditions given in "Materials and Methods," for the NADPH and reconstituted chloroplast assay systems. As the latter assay uses less Fd, and gives higher [ In the presence of 1802, one of the hydroxyl groups of the aldehyde hydrate would be '8O-labeled. Were this hydrate instantaneously oxidized to betaine, 50% of the '80 label would be retained in the betaine, and of this 50%, one-half would remain in the betaine ester prepared for FAMBS analysis. However, because betaine aldehyde undergoes rapid '80 exchange with water (half-time 0.6 min), in practice the retention of 180 in the betaine ester is always less than the theoretical 25%. In addition, betaine itself undergoes a small amount of '80 exchange during purification and esterification (9) .
We used either illuminated thylakoids or NADPH to reduce Fd. The loss of '80 by exchange from betaine aldehyde was minimized by rapid conversion of the aldehyde to betaine with partially purified E. coli BADH plus NAD+. Experiments with '80-labeled choline confirmed that this coupled assay resulted in good 180 retention in betaine, in both thylakoid and NADPH systems (Table III) . Allowing for 89% '80 abundance in the substrate 2H3,'8O-choline, the '8O-incorporation into betaine vas, in fact, close to the theoretical maximum. There was also clear incorporation of '80 from 1802 into betaine, establishing that the choline-oxidizing enzyme is an oxygenase. In the simplest case, '80-labeling of betaine from 1802 and '8O-choline would be expected to be the same (9) . However, '80-incorporation for the thylakoid system was well below that for '80-incorporation from choline. We ascribe this to isotope dilution of 1802 by 1602 evolved during photosynthetic electron flow supported by the Mehler reaction, which must have been substantial in our assay conditions (16) . In the NADPH system, where no 1602 was produced, the '8O-labeling of betaine from 1802 remained somewhat below that from '80-choline. A similar effect was seen in our in vivo '80-labeling experiments in darkness (9) . One possible explanation is that BADH discriminates between the OH groups of the aldehyde hydrate, and depletes betaine in the oxygen atom derived from 02 (9).
Choline Oxygenase Activity in Salinized Plants
Gradual salinization to 200 mm NaCl reduces leaf fresh weight in spinach (Fig. 3) , but the plants are healthy and yield photosynthetically active chloroplasts (17) . At 200 mM NaCl, the betaine level is four-to sixfold higher than in unstressed plants (17, 24) . Salinization increased the specific activity of choline oxygenase in stromal fractions by two-to threefold in both young and old leaves (Fig. 3) , without changing the total protein level. When plants were given a salt shock (0 --200 mM NaCl), the specific activity of choline oxygenase rose 1.5-to 1.8-fold between 24 and 48 h after the shock.
Effect of Betaine
The internal betaine concentration of spinach chloroplasts increases from 20 to 300 mm in response to salinization (17) . Such levels of betaine might be expected to have feedback effects on choline oxidation, particularly as in vivo radiotracer experiments implicate feedback control of betaine synthesis (4) . On the other hand, high concentrations (:200 mM) can increase the stability or activity of certain enzymes (6, 10) . We therefore tested the physiological range ofbetaine concentrations for effects on choline oxygenase activity. There were no stimulatory effects of betaine, and levels above 100 mM were moderately inhibitory; 300 mm betaine gave 50% inhibition. 
Effect of Carbon Monoxide
We tested choline oxygenase activity for inhibition by carbon monoxide, because this is generally a diagnostic feature of cytochrome P-450 dependent oxygenases (13) . The NADPH system was used to reduce Fd; incubation was in darkness. Before adding the [14C]choline substrate, the reaction medium was equilibrated with gas mixtures containing a constant level of 02 (5 kPa) and various levels of CO and N2; the concentration and purity of the CO was verified by GLC. There was no inhibition at any CO:02 ratio tested, of which the highest was 19:1.
Gel Filtration Experiments
The stromal extract was fractionated by gel filtration, to determine whether more than one component was required for enzyme activity, and to estimate a mol wt for the oxygenase. Activity was recovered in fairly high yields (50-70%) in the void volume from both Sephadex G-50 and G-75 columns. Recovery of activity was not enhanced by supplementing the active fraction from a G-75 column with retarded fractions from the column. These results rule out the remote possibility that choline oxygenase is an intermolecular dioxygenase with a cosubstrate such as a-ketoglutarate (2): any cosubstrate present in the crude stromal fraction would have been removed by gel filtration. Addition of a purified mixture of thioredoxins m and f to the active fraction from a G-50 column did not enhance activity assayed with the NADPH system or the illuminated thylakoid system, although tests with NADP-malate dehydrogenase activity in the same fraction confirmed that this latter enzyme was markedly activated by the thioredoxin preparation used. There is thus no indication that any intermediate electron carrier proteins between Fd and choline oxygenase are required for oxygenase activity.
To confirm that FNR is required for Fd reduction by NADPH in the NADPH system, a choline oxygenase preparation substantially depleted in FNR was obtained as follows.
Crude stromal extract was fractionated with (NH4)2SO4; the protein precipitated between 33 and 55% saturation was applied to a Sephadex G-25 column, and the leading edge of the excluded peak was collected. The addition of purified FNR (90 munits/standard assay) to this choline oxygenase preparation increased activity fivefold. Choline oxygenase eluted as a symmetrical peak from a column of the gel filtration medium Ultrogel AcA 34 (Fig. 4) ; recovery of enzyme activity was 70%. The elution volume indicated a mol wt of 98 kD, which is consistent with exclusion from Sephadex G-75.
DISCUSSION
Our results show that spinach chloroplasts contain a soluble choline monooxygenase which uses reduced Fd, not NADPH, as an electron donor. For unstressed plants, the activity of the enzyme in the reconstituted chloroplast system (20-50 nmol/ h. mg stromal protein) is comparable to that of intact illuminated chloroplasts (100-300 nmol/h -mg Chl; ref. 23 ), assuming a value of 7 mg stromal protein/mg Chl. Activities of this magnitude are similar to those of BADH, the other enzyme in the pathway (24) , and are quite sufficient to account for in vivo rates of betaine synthesis (23) . The pH and Mg2' requirements of the enzyme are consistent with its functioning in illuminated chloroplasts, and the Km for choline (-0.1 mM) is close to the estimated choline concentration inside the chloroplast (0.16 mM) in young spinach leaves (3) . Similarly, the inhibition of the enzyme by physiological betaine levels is not inconsistent with the evidence for feedback regulation of betaine synthesis (4) . Our data do not allow classification of the choline oxygenase, but we hypothesize on comparative biochemical grounds that it might belong to the cytochrome as found in many P-450 systems (13) . Although the lack of inhibition by CO provides no support for a P-450-dependent oxygenase, this evidence is not conclusive because several P-450 enzymes are CO-insensitive (13) . Regardless of the class of the choline oxygenase, it would seem to be a novel plant enzyme as it does not resemble the plant oxygenases so far known (2). (23) did not suggest that salinization increased the capacity for choline oxidation, the present work showed a two-to threefold increase in choline oxygenase activity in stromal fractions from salinized plants. This difference can be reconciled by supposing passage of choline across the chloroplast envelope to be a rate-limiting step in chloroplasts isolated from salinized plants. It is interesting to note that BADH activity is also increased two-to threefold by salinity (24) ; this suggests that the expression of the two enzymes of betaine synthesis may be coordinately regulated in plants.
Biological oxidations of alcohols to aldehydes are generally catalyzed by dehydrogenases or oxidases, and this is indeed the case for the choline --betaine aldehyde reaction in animals and microorganisms (5, 8, 12, 21, 29) . Why, then, is the plant choline-oxidizing enzyme an exception? We speculate that the plant choline-oxidizing pathway has a different origin from that in other kingdoms, and that its metabolic significance is also distinct. In animals and many microorganisms, choline oxidation to betaine is essentially the first part of a catabolic pathway, and although in some cases betaine is accumulated as an osmolyte, the capacity for degradation of betaine is widespread (19, and -11.5 E way in the sense that the end product betaine is required for cytosolic osmoregulation, and appears not to be degraded (27) . Since the product itself presumably has strong selective value under stress conditions, it may matter little that its synthesis from choline in plants consumes rather than produces reducing power at the first step. Moreover, it is hard to see how a trivial input of reducing power or ATP from choline oxidation could be of value in the chloroplasts of osmotically stressed plants. ACKNOWLEDGMENT We wish to thank Dr. Pierre Gadal for the generous gift of a thioredoxin preparation.
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